Several polycrystalline samples of the half-Heusler alloy NiMnSb were grown by arc melting of stoichiometric and nonstoichiometric amounts of high-purity constituent elements. The structure and the phase-purity of the prepared samples were examined systematically by powder x-ray diffraction. The transport properties of the best sample, with saturation magnetization M s (5 K) ϭ4 B /formula unit, were studied by measuring electrical resistivity, thermal conductivity, and thermopower. Features in both magnetic and transport data are consistent with NiMnSb being in a half-metallic state at low temperatures, i.e., the conduction electrons are fully spin polarized. However, point-contact Andreev reflection measurements on the same sample at 4.2 K demonstrate only ϳ45% spin polarization.
I. INTRODUCTION
In recent years a technology called spintronics has emerged, which offers the potential for advanced devices that will combine spin-dependent effects arising from the spin of the electron with standard microelectronics. The advantage of the electron spin carrying the information in semiconductor devices, instead of the conventional electron charge, is the possibility of nonvolatility, lower power consumption, increased data processing speed, and increased integration densities. 1 The proposal by Datta and Das 2 for a spin-based transistor has prompted a vigorous search for establishing electrical spin injection from metallic ferromagnetic films into semiconductors. Recently, electrical spin injection from ferromagnetic permalloy thin films into a two-dimensional electron gas semiconductor system has been demonstrated. 3 The observed effect was, however, less than 1% of its optimum magnitude and persisted only up to 10 K. The inefficiency of electrical spin injection has been attributed partly to the electrical conductivity mismatch of the ferromagnetic metal and the semiconductor 4 and partly to the low spin polarization of the permalloy ͑only 35%͒. It has been proposed that using materials with 100% spin polarization, e.g., half-metallic ferromagnets, as spin injectors may enhance significantly the efficiency of the spin injection. 4 Band structure calculations predict that the ternary halfHeusler alloy NiMnSb should exhibit 100% spin polarization at the Fermi level. 5 Due to its high Curie temperature (T C ϭ730 K) and its close structural similarity to zinc blende semiconductors, NiMnSb is suitable to be used as a spin injection material in spintronics.
NiMnSb crystallizes in the C 1 b structure, 5 which consists of four interpenetrating fcc lattices equally spaced along the ͓111͔ direction. In the ordered alloy Ni occupies the lattice site at 000, Mn occupies the site at 1/4 1/4 1/4, Sb occupies the site at 3/4 3/4 3/4, and the site at 1/2 1/2 1/2 is unoccupied. The magnetic properties are due to magnetic moments localized at the Mn atoms, which interact via itinerant electrons in the conduction band. 6 It has been calculated that 9 out of total 22 valence electrons are located in spin-down bands, and thus the total spin magnetic moment of NiMnSb becomes exactly 4.0 B .
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A literature search reveals that only a limited number of studies have focused on the physical properties of bulk NiMnSb samples addressing the alleged half metallicity of this compound. 8, 9 In this article we report on the identificaa͒ Author to whom correspondence should be addressed; electronic mail: giapintz@iesl.forth.gr tion of synthesis/annealing conditions for the preparation of single-phase NiMnSb ingots using arc melting as well as on the structural, magnetic, and transport properties of these materials. Our measurements demonstrate that it is possible to produce good quality bulk NiMnSb using arc melting, which is a faster, and easier method compared to the other techniques commonly used to grow bulk NiMnSb such as rf melting 10 and solid-state reaction.
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II. EXPERIMENT
Various samples of NiMnSb were grown by arc melting and subjected to different postannealing treatments in order to identify the optimum conditions that result to stoichiometric single-phase samples. Ni ͑99.999% pure͒, Mn ͑99.999% pure͒, and Sb ͑99.995% pure͒ powders were weighted in a glove box under an Ar ͑99.999% pure͒ atmosphere and mixed thoroughly using an agate mortar and pestle. The resulted powders were pressed into pellets of 15 mm in diameter. The pellets were then placed in a watercooled copper crucible and arc melted in Ar atmosphere several times in order to improve the uniformity of the samples. Specimens were synthesized using stoichiometric amounts of Ni, Mn, and Sb ͑1:1:1͒ as well as 3% and 5% excess of Mn, and being subjected to postannealing treatment in vacuum. Prior to the annealing the specimens were wrapped with tantalum foil in order to avoid any undesired oxidation and were placed in quartz tubes that were pumped down to a pressure of 5ϫ10 Ϫ6 mbar. The quartz tubes were hermetically sealed and placed in a box furnace at 750°C for several hours.
Powder x-ray diffraction patterns were recorded using a Rigaku ͑RINT 2000͒ diffractometer with monochromatic Cu K␣ 1 radiation. dc magnetization measurements were performed in a commercial extraction magnetometer at temperatures ranging from 5 to 300 K. The resistivity was measured with the standard ac four-probe method in the temperature range 5рTр275 K. Simultaneous thermal conductivity and thermopower measurements were performed in the temperature range 70-320 K using the steady-state method. The samples were glued with GE varnish to a copper cold finger that served as a heat sink. A small homemade manganin resistor heater was attached to the free end of the samples that served as a heat source. The samples had rectangular parallelepiped shape with typical dimensions 4.5ϫ5.5ϫ1.5 mm 3 . Small temperature differences ͑ϳ0.5 K͒ across the samples were measured using two chromel-constantan ͑type-E͒ thermocouples attached to two well-separated positions along the sample. The systematic error of thermal conductivity (T) due to the uncertainty in the measurement of the sample size and the distance between the thermocouples was estimated to be 8%-10%. Seebeck voltages were detected using a pair of 0.05 mm diameter copper wires attached to the samples with silver paste at the same positions as the junctions of the thermocouples. The contribution of the copper leads to the measured Seebeck coefficient was carefully subtracted. Finally, an estimate of the transport spin polarization ( P t ) of the samples was obtained by point-contact Andreev reflection ͑PCAR͒ measurements 12 using a mechanically formed superconducting Nb tip. Conductance (dI/dV) spectra were recorded using a standard four-point configuration with an ac lock-in amplifier.
III. RESULTS AND DISCUSSION
A. Structure
The powder x-ray diffraction ͑XRD͒ spectra of all investigated specimens exhibited mainly peaks corresponding to NiMnSb phase. However, an extra phase, which was always identified as NiSb, appeared in the XRD patterns of all specimens and its relative abundance depended on the molar ratio of the starting powders and the postannealing treatment. The XRD patterns were numerically analyzed 13 using a Thomson-Cox-Hastings pseudo-Voigt function to describe the peak shape. In this analysis, the NiSb phase was also taken into consideration in addition to the NiMnSb phase and the background was defined by linear interpolation through a number of selected background points. Table I summarizes the results obtained from several NiMnSb specimens that were prepared under different conditions. Figure 1͑a͒ shows the XRD pattern of sample No. 1 grown by arc-melting five consecutive times stoichiometric ͑1:1:1͒ amounts of Ni, Mn, and Sb powders. It can be seen that the NiSb-related peaks are pronounced in this case. Following annealing in vacuum at 750°C for 50 h, the intensity of the NiSb peaks decreased considerably ͑sample No. 2 in Table I͒ . Further annealing under the same conditions for an additional 22 h ͑total annealing of 72 h͒ resulted in a reenhancement of the intensity of the NiSb peaks ͑sample No. 3 in Table I͒ . Therefore, the annealing time seems to be a critical parameter in obtaining good quality materials.
In specimens grown with 3% excess Mn, the percentage of the NiSb phase is reduced significantly to about 3% relative to the NiMnSb phase ͑sample No. 4 in Table I͒ . Annealing of these specimens in vacuum at 750°C for 50 h although improved the magnetic properties of the material did The best samples are, thus, obtained using 5% excess Mn in the initial powder mixture and postannealing the multiply arc-melted pellets in vacuum at 750°C for 50 h.
B. Magnetic properties
As can be seen from Table I , the specimen that shows the best XRD spectrum exhibits an integer saturation magnetic moment at 5 K ͓ M s (5 K)ϭ4.00Ϯ0.02 B /f.u.; Fig. 2͔ , as expected for a half-metallic ferromagnet. In general, it is found that the presence of the NiSb phase in the material leads to a rapid decrease of the value of M s . The fact that we have to use at least 3% excess Mn in order to concurrently decrease the amount of NiSb present in the sample and improve its magnetic properties, implies that Mn is most likely consumed faster than Ni and Sb during arc melting leading to the formation of the undesired NiSb phase. Figure 3 depicts the temperature dependence of the saturation magnetization M S for specimen No. 6 obtained in a magnetic field of 20 kOe. The magnetization data up to 200 K can be fitted well, as shown by the solid line in Fig. 3͑a͒ , to the Bloch law
where M S (0) is the extrapolated saturation magnetization at 0 K, and Aϭ1ϫ10
. The same power-law temperature dependence of the magnetization has been observed previously, however, only up to 70 K. 8 It is noteworthy that the present magnetization data follow the Bloch T magnet. Using the value of A that resulted from the fitting procedure, the spin wave stiffness coefficient is calculated according to the following expression:
where V is the volume per magnetic atom, S is the spin of the magnetic atom, and k B is the Boltzmann coefficient. Taking into account the fact that the magnetic moments are well localized at the Mn sites 15 we have used as V and S the volume and the spin of the Mn atom, respectively. Thus, for Vϭ2.3ϫ10
Ϫ24 cm 3 and Sϭ5/2, we find Dϭ270 meV Å 2 . This value for D is close to values reported previously. For example, based on neutron diffraction data, D was calculated to be 320Ϯ20 meV A 2 at 25 K. 9 Hordequin et al. deduced 305Ϯ40 meV Å 2 from the T 3/2 temperature dependence of the magnetization in the temperature range 4 -70 K, 9 whereas Otto et al. deduced a value of 350Ϯ40 meV A 2 from the T 3/2 variation of the magnetization in the temperature range 4 -300 K. 8 For temperatures above 200 K ͓see Fig.  3͑b͔͒ , a different T dependence of the magnetization was found, M S 2 ϳT 2 . It is noteworthy that such a power-law T dependence of the magnetization has been predicted to occur in itinerant ferromagnets due to spin fluctuations. 16 At these high temperatures both spin bands most likely contribute to transport and individual spin reversals can occur, i.e., Stoner excitations modify the temperature dependence of the magnetization. Therefore, the magnetization results are consistent with a crossover from a Heisenberg ferromagnet to an itinerant ferromagnet at Tϳ200 K.
C. Transport properties
Resistivity
The temperature dependence of the zero-field resistivity, (T), for specimen No. 6 in the temperature range 5рT р275 K is shown in the inset of Fig. 4 . A pronounced anomaly occurs in the (T) curve in the temperature range 70-120 K. For temperatures below 70 K, the resistivity has been fitted successfully to the expression
. The deduced value of the residual resistivity, 0 , is amongst the lowest values reported for NiMnSb to date. 8, 9 It is well known that a reliable indicator of sample purity is the residual resistivity ratio ͑RRR͒, i.e., the ratio of the resistivities at 300 and 0 K. For the present sample RRRϳ3 which is amongst the highest values reported for NiMnSb. 8, 9 This value is still low compared to the values characterizing very pure samples, indicating the presence of a relatively large defect concentration in our samples. The T 9/2 term is attributed to two-magnon scattering, 17 which is expected to occur in half metals for which electrons of only one spin direction exist at the Fermi level. The T 2 term, on the other hand, could be attributed either to one-magnon scattering or to electron-electron scattering that is present in a Fermi liquid. The presence of the T 9/2 term naturally constraints us to ascribe the T 2 term to the latter effect. It is noteworthy that the value of the prefactor, A, of the T 2 term falls within the accepted range of values for electronelectron scattering. In the main panel of Fig. 4 , the contributions of the two T-dependent terms, T 2 and T
9/2
, are shown separately.
An equally satisfactory fit of the resistivity data up to 70 K can also be obtained using the expression ͑T ͒ϭ 0 ϩAT . Note that such a power law for the resistivity has been observed also in manganites. 18, 19 Auslender et al. 18 associated the T
2.5
term with the scattering of holes by magnons without spin flip, whereas Schiffer et al. 19 suggested the T 2.5 term as an empirical fit to the resistivity data representing a combination of electron-electron, electron-phonon, and electronmagnon scattering.
It is noteworthy to point out that another satisfactory fit of the resistivity data up to 70 K can also be obtained using the expression
with 0 ϭ8.6 ⍀ cm, Aϭ3ϫ10 Ϫ4 ⍀ cm/K 2 , and Bϭ1.2 ϫ10 Ϫ10 ⍀ cm/K 5 . In this expression the T 5 term is due to the electron-acoustic phonon scattering process. 20 However, it is well known that the T 5 term is dominant at temperatures lower than 0.1⌰ D ϳ25-30 K 21 ͑the Debye temperature, ⌰ D , of NiMnSb is estimated to be between 250 and 300 K͒. 9 Based on this fact it is concluded that the equation containing the T 9/2 term is more appropriate for describing the present resistivity data.
At temperatures above 120 K, the resistivity is proportional to T 1.55 . Such a power law has not been associated with any particular scattering process. However, it is noteworthy to mention that the deduced exponent ͑1.55͒ is very close to the exponent 5/3, which describes the temperature dependence of the resistivity of spin fluctuation magnets. 22 We propose, therefore, that our high-temperature resistivity data indicate that the investigated sample behaves as an itinerant ferromagnet consistently with the observed hightemperature magnetization behavior mentioned earlier. Both the change in the temperature dependence of the resistivity and the fact that value of the residual resistivity derived from fitting the high-temperature resistivity data (TϾ120 K) is higher than the value of the residual resistivity derived from fitting the low-temperature data (TϽ70 K), are consistent with the scenario that both spin bands contribute to transport above ϳ100 K due to the opening of the spin-flip scattering channel at these temperatures. Therefore, the resistivity results are consistent with a crossover from a half-metallic-like behavior at low temperatures to a normal itinerant behavior at high temperatures. Figure 5 shows the temperature dependence of the thermal conductivity, , for specimen No. 6 in the temperature range 70-320 K. In general, the total thermal conductivity of magnetic metals comprises an electronic ( e ), a lattice ( l ), and a magnon ( m ) contribution ϭ e ϩ l ϩ m .
Thermal conductivity
It is well known that for Tу⌰ D , the electronic contribution can be derived from the electrical resistivity, (T), using the Wiedemann-Franz law
where L 0 is the Lorentz number. A comparison of e with at room temperature indicates that the electronic contribution to thermal conductivity is the most dominant among the contributions outlined above ( e /ϳ85%). ͑For this calculation we used the typical value of the Lorenz number L 0 ϭ2.45ϫ10 Ϫ8 W ⍀/K 2 which is valid for TϾ⌰ D .) While above 200 K (T) is nearly constant, below 200 K it decreases linearly on cooling down to 150 K with a positive slope; this behavior is characteristic of intermetallics. 23 However, below 150 K we observe that the thermal conductivity decreases with a slower rate. This change of slope may be taken as an indication that at temperatures lower than 150 K the scattering of the carriers is reduced. This effect in (T) along with the features observed in the temperature dependence of both the magnetization and resistivity, are consistent with a possible crossover from halfmetallic behavior to normal ferromagnetic behavior in the temperature region 80-150 K.
Thermopower
The temperature dependence of the Seebeck coefficient, S(T), for specimen No. 6 is shown in Fig. 6 . The most remarkable feature in the data is the change from a small negative to a small positive thermopower at ϳ200 K. The negative value of S in the low temperature range indicates that the dominant entropy carriers at the Fermi surface are electrons whereas the positive value of S above 200 K indicates that the dominant entropy carriers are holes. The sign change could be attributed either to the larger number of the thermally excited holes or due to the higher mobility of the contributing holes. The small absolute value of the Seebeck coefficient, ͉S͉Ͻ2 V/K, indicates that the two types of carriers are nearly compensated. The present temperature variation of the Seebeck coefficient agrees well with previously published data. 9 It is noteworthy that the thermopower data in the range 70-200 K ''disagree'' with the low-field Hall effect data, which indicate that the dominant charge carriers are holes throughout the investigated temperature range (5 ϽTϽ300 K). 8, 9 These seemingly contradictory results are probably caused by the complex Fermi surface of NiMnSb, which in addition to three anisotropic hole sheets contains electron-like parts as well as parts with open orbits. 
Transport spin-polarization measurements-Andreev reflection
The conductance spectra of nine different Nb/NiMnSb ͑sample No. 6͒ contacts were measured and then fitted using the extended Blonder-Tinkham-Klapwijk model. 24 This provided a value for the transport spin polarization, P t , as a function of a dimensionless barrier parameter, Z ͑the value of the superconducting energy of Nb was fixed to 1.5 meV͒. The plot of P t vs Z for sample No. 6 is shown in Fig. 7 . Note that for a clean interface (Zϭ0) a value of P t ϳ45% has been measured. This much lower value of P t compared with the expected 100% spin polarization of the bulk, could be attributed to a number of reasons. Disorder at the surface, particularly antisite defects, is well known that result in a dramatic decrease in the spin polarization. Additionally, recent theoretical analysis has shown that both Ni-and MnSbterminated surface layers are not half metallic. 25 Therefore, the apparent disagreement between the indications coming from the bulk measurements for half-metallic behavior ͑i.e., 100% spin polarization͒ at low temperatures and the results of PCAR could be attributed to the fact that PCAR is a surface sensitive technique.
IV. CONCLUSIONS
In summary, in this study we have identified the optimum conditions for synthesizing good quality NiMnSb bulk material using arc melting. All investigated physical properties indicate that in the temperature region 80-150 K a crossover most likely takes place from half metallic behavior to normal ferromagnetic behavior. Half metallicity in our NiMnSb specimen is well supported by the integer saturation magnetization value at 5 K, the temperature dependence of the saturation magnetization which follows the T 3/2 Bloch law up to 200 K, and the T 9/2 contribution in the lowtemperature resistivity implying two-magnon scattering ͑identified experimentally͒. On the other hand, PCAR, a surface sensitive technique, demonstrates only 45% spin polarization.
